One sentence summary: With a view to better understanding the role of the respiratory epithelium in host defence against inhaled pathogens, this review explores the mechanistic basis of microbial uptake by airway epithelia for a diverse range of bacterial and fungal pathogens, with an emphasis on microbial intracellular trafficking and fate, and correlations with pathogen clearance or host disease. Editor: Alain Filloux
INTRODUCTION
A broad range of inhaled pathogens including bacterial and fungal species, as well as viruses and some protozoa, cause diseases of the lower respiratory tract including bronchitis, pneumonia, flu, bronchiolitis and tuberculosis. The respiratory epithelium is a common point of initial host contact for this myriad of microbes that provoke highly varied and multifaceted host responses. Entry into host mucosae has been conventionally recognised as a pathogenic strategy exploited by microbes to access a nutrient-rich niche within which to replicate and promote invasion of substrata, at the same time avoiding immune detection or antimicrobial drugs. However, an increasing body of evidence indicates that the airway epithelium also plays a crucial role in host defence against inhaled pathogens by opsonising, ingesting and quelling microorganisms. In most instances, the relevance of microbial uptake to pathogenesis or resolution of respiratory disease remains to be directly addressed, thereby obscuring potentially useful commonalities amongst pathogenic or host behaviours and associated disease outcomes. With a view to identifying common regulatory paradigms, we here define a substantial cohort of bacterial and fungal pathogens of the respiratory tract for which airway epithelial uptake has been demonstrated (Table S1 , Supporting Information), and explore the relationship between pathogen processing in human respiratory epithelia and disease pathology.
For ease of readability, we focus on several key examples in the field, and refer the reader to Table S1 (Supporting Information) for a more thorough tableau of lesser-studied species and diseases. Although virus entry into airway epithelial cells (AECs) is sometimes achieved via similar mechanisms to those exploited by bacterial and fungal species, and leads to similar downstream host activation and intracellular trafficking, we consider the differences between uptake of living, metabolically active microbes versus lifeless particles to lie beyond the scope of this review. Similarly, since inhalation is rarely a route of transmission for protozoa causing respiratory disease, protozoa will not be analysed in this review.
MICROBIAL UPTAKE BY AECs IS A STEPWISE PROCESS RESULTING IN SPECIES-SPECIFIC OUTCOMES
While the canonical classification of professional phagocytes is limited to polymorphonuclear granulocytes, monocytes and macrophages, AECs can also neutralise microbes via phagocytic means. However, phagocytic indices, microbicidal activity and associated host responses are muted compared to that of their professional counterparts (Aderem and Underhill 1999; Niedergang and Chavrier 2004) . Broadly speaking, internalisation by AECs occurs in a stepwise manner ( Fig. 1) whereby receptor-or effector-mediated uptake, also referred to as the 'zipper' or 'trigger' mechanisms, respectively (Swanson and Baer 1995) , leads to cytoskeletal remodelling and signalling activation of the host cell. The trigger mechanism is induced by pathogen-derived soluble effectors that, once delivered into the host cell by microbial contact or proximity, induce the actin-mediated formation of transient membrane projections to engulf the pathogen. In the case of zipper-mediated uptake, molecular coupling of specific pathogen ligand(s) and host cell receptor(s) leads, with minimal changes in the cell surface, to pathogen engulfment by the host cell membrane.
Following uptake, microbes are trafficked via various membrane-bound vacuoles to a series of intracellular compartments for killing (Fig. 1 ). Some intracellular pathogens are able to evade intracellular killing, therefore exploiting internalisation by AECs as a means to cause host damage and/or to disseminate. On a species-specific basis, this capability might promote disease in fully immunocompetent or immunodeficient hosts or both. Various intracellular replicative niches have been identified including (i) lysosome-like vacuoles, which have an acidic pH and contain hydrolytic enzymes; (ii) non-acidic vacuoles, whose fusion to lysosomes has been subverted by the pathogen; (iii) the autophagosome, a double-membraned compartment, normally delivered to lysosomal compartments for degradation of the enclosed material; and (iv) in the cytosol of the host cell, after escape of the pathogen from endocytic compartments (Mostowy and Cossart 2012; Gomes and Dikic 2014) .
Some respiratory pathogens trigger apoptosis or cell death of AECs to exit their replicative niche and/or breach the epithelial Figure 1 . Microbial uptake by AECs occurs in a stepwise manner and leads to species-specific outcomes for both host and pathogen. Receptor-or effector-mediated uptake of microbes by AECs leads to the activation of host cellular signalling pathways and remodelling of the host cytoskeleton at the site of pathogen entry. A successful antimicrobial defence results from trafficking of the internalised pathogen, through a series of intracellular compartments culminating in phagolysosome-mediated killing. In some cases however, intracellular pathogens evade intracellular killing either by thriving in the extremely hostile environment of the AEC phagolysosome or by preventing the fusion of the microbe-containing vacuole with lysosomes. By residing latently in the intracellular niche or replicating, such pathogens successfully exploit internalisation by AECs to cause host damage and trigger inflammatory responses, ultimately leading to disseminated infection.
barrier to enter underlying tissues (Fig. 1) . Alternatively, induction of epithelial cell death or apoptosis can in some instances promote host defence by (i) preventing pathogen access to nutrients, (ii) downregulating inflammation, (iii) eliminating diseased cells and (iv) delivering the intracellular pathogen in apoptotic bodies to competent professional phagocytes. Accordingly, some respiratory pathogens have evolved strategies to safeguard their replicative niche by exhibiting anti-apoptotic activities to restrain host apoptosis or block epithelial cell death.
In professional phagocytes, such as macrophages, the phagocytosis of pathogens is coupled with the production of inflammatory cytokines via the cooperation of two classes of innate immune receptors, namely the phagocytic receptors and the Toll-like receptors, which respectively signal particle internalisation and trigger appropriate inflammatory responses . The connection between microbial uptake and the activation of an AEC-mediated inflammatory response is also well documented for several respiratory pathogens. Amongst the plethora of human AEC responses to microbial challenge, IL-8 expression predominates as a potent chemoattractant and activator of neutrophils, monocytes and T lymphocytes, especially in association with airway inflammatory diseases (Sagel, Chmiel and Konstan 2007) .
MICROBIAL UPTAKE LEADING TO EFFICIENT PATHOGEN CLEARANCE
There are many examples of efficient AEC-mediated defence against respiratory pathogens including, but not limited to, Pseudomonas aeruginosa, Aspergillus fumigatus (the major mould pathogen of human lungs) and species of the Burkholderia cepacia complex (Bcc). All of these microbes cause disease predominantly amongst patients with impaired immunity or pre-existing chronic lung disease, thereby indicating the critical importance of a healthy respiratory niche in delivering efficient defence against infectious disease. In health, it is likely that efficiency of antimicrobial activity is achieved in collaboration with professional phagocytes, whilst in disease the paucity of innate defences is likely compounded by deficient AECmediated clearance. The manner in which microbes are cleared by AECs varies in a species-specific manner, in some instances being mediated by the directly microbicidal activities of AECs ( Fig. 2A and B) , and in others by despatching infected AECs (including their intracellular pathogenic cargo) from the airway epithelium (Fig. 3) . Sometimes, naturally occurring genetic variants, such as unencapsulated isolates of the Gram-negative bacterium Klebsiella pneumoniae (Fig. 2C) , serve to illustrate the immense potency with which microbial attributes (such as capsular polysaccharide) can undermine otherwise highly efficacious AEC-mediated antimicrobial defence.
Microbial uptake leading to direct neutralisation of pathogen: B. cepacia species complex and A. fumigatus Bcc species are the major cause of morbidity and mortality (30%) in cystic fibrosis (CF) patients (Razvi et al. 2009; Folescu et al. 2015) . In vitro uptake of Bcc has been demonstrated using several types of AECs (Burns et al. 1996; Martin and Mohr 2000; Cieri et al. 2002; Duff et al. 2006; Moura et al. 2008; Mullen, Callaghan and McClean 2010) , where the intracellular bacteria become enclosed within membrane-bound vacuoles ( Fig. 2A) , an observation corroborated as also being relevant in vivo via electron microscopy of murine respiratory epithelial cells (Burns et al. 1996; Chiu, Ostry and Speert 2001) . Comparative analysis of microbial uptake of 31 environmental and clinical Bcc isolates via gentamycin protection assay showed mean percent uptake rates of 0.003%-3.613% and indicated a statistically significant correlation between the ability to invade A549 cells and to cause infection in an in vivo mouse agar bead model (Cieri et al. 2002) . Importantly, the highly virulent and transmissible clinical isolate J2315 is able to enter, survive and replicate efficiently within A549 cells, whereas uptake of the environmental isolate J2540 is shown to be six times less efficient and this isolate is unable to survive and replicate within AECs (Martin and Mohr 2000) . By 24 h post-infection, epithelial monolayers infected with J2540 appear intact; however, monolayers infected with J2315 exhibit complex (Bcc) are trafficked to cathepsin D-positive endocytic vesicles and killed. Uptake by AECs occurs in a CFTR-dependent manner and via an uncharacterised glycolipid receptor and requires Bcc lipases, the flagellum, cable pilin and the 22-kDa adhesin protein, which binds to the host surface protein cytokeratin 13 (CK13). Exogenous addition of IL-8 enhances intracellular bacterial growth. (B) Aspergillus fumigatus spores: following uptake by AECs, the majority of internalised A. fumigatus spores are killed. Aspergillus fumigatus uptake is mediated by E-cadherin and CFTR, by Dectin-1 via binding of fungal β-glucan and α5β1 integrin via binding of A. fumigatus CalA. The gliotoxin immunotoxin also facilitates spore internalisation by AECs. (C) Capsule-deficient K. pneumoniae variants: upon uptake by AECs, capsuledeficient K. pneumoniae are efficiently killed. Klebsiella pneumoniae is internalised by AECs in a process that involves a GlcNAc-binding surface component and an N-glycosylated receptor on the host cell surface. Also, AEC-mediated C3 opsonisation enhances dramatically CD46-mediated microbial uptake. Klebsiella pneumoniae uptake increases surface expression of ICAM-1 and secretion of IL-8 by AECs in an NF-kB-dependent manner. Pathogen-derived effectors of uptake are indicated in bold black font, putative or proven host receptors, opsonins or bridging factors driving uptake are indicated in bold red font. leads to initiation of NF-κB nuclear translocation, cellular desquamation and eventual apoptosis and shedding of the infected cells. Intracellular P. aeruginosa viability is not reduced within the host cell and P. aeruginosa replicates in plasma membrane blebs (PMBs) via products secreted by a bacterial type III secretion system. Pseudomonas aeruginosa uptake is dependent on the bacterial lipopolysaccharide (LPS)-core oligosaccharide and CFTR and, in a strain-dependent manner, on αvβ5 and α5β1integrins via vitronectin (Vn) and fibronectin (Fn) bridging, respectively. The interaction of the two major bacterial adhesion factors, namely type IV (Tfp) and flagella, with the N-glycoproteins and heparate sulfate proteoglycans (HSPG), respectively, is also required for microbial uptake, as well as the effector proteins of the secretion systems H2-T6SS and H3-T6SS. Internalisation-mediated apoptosis limits the release of cytokines, such as IL-1β. (B) Following uptake of P. aeruginosa, CF epithelial cells undergo significantly delayed apoptosis compared with wild-type AECs allowing higher rates of intracellular replication and sustained host damage. Pathogen-derived effectors of uptake are indicated in bold black font, putative or proven host receptors, opsonins or bridging factors driving uptake are indicated in bold red font. physical disruption, mitochondrial rounding and vacuolisation (Martin and Mohr 2000) .
Once internalised by healthy AECs, most Bcc genomovars are contained in endocytic vesicles and killed, but in CF cell lines aberrant maturation of endocytic vesicles promotes bacterial viability and replication, leading to extensive host damage ( Fig. 2A ) (Martin and Mohr 2000; Sajjan, Keshavjee and Forstner 2004; Sajjan et al. 2006 Sajjan et al. , 2008 Kaza, McClean and Callaghan 2011) . In CF airway cells, less than 10% of Bcc-containing vacuoles acquire cathepsin D, promoting bacterial avoidance of intracellular killing and intracellular replication (Sajjan et al. 2008) , and intracellular survival and replication requires at least one of the two type IV secretion systems (T4SS) encoded by Bcc genomes. Accordingly, insertional inactivation of the Ptw secretion system leads to altered intracellular trafficking whereby ∼30% of ptwD4 mutant cells become localised to cathepsin D-positive vacuoles, becoming thereby targeted for lysosomal degradation (Sajjan et al. 2008) .
The ability of Bcc complex to preferentially invade CF airway cells and to avoid killing once internalised has been hypothesised to contribute to their persistence in the lungs of infected CF patients (Sajjan, Ackerley and Forstner 2002) . In agreement with this hypothesis, lung sections of infected CF patients reveal an abundance of intra-AEC bacteria and bacterial colonisation of the intercellular junctions of the airway epithelium (Sajjan et al. 2001) . Furthermore, bacteria can be found in CF lungs despite treatment with antibiotics having demonstrated activity against Bcc (Gold et al. 1983) , although it should be also noted that serum and airway surface concentrations of systemically administered antibiotics are likely to differ.
While uptake of Bcc genomovars has been widely demonstrated in various types of AECs, the mechanistic basis of Bcc uptake remains poorly characterised ( Fig. 2A) . Bcc lipases facilitate AEC uptake, since pre-treatment of AEC monolayers with Bcc lipase or with the lipase active-site inhibitor tetrahydrolipstatin (Orlistat) respectively increases or decreases Bcc uptake by up to 2-fold, depending on the genomovar used for infection (Mullen, Callaghan and McClean 2010) . Pre-treatment of AECs with α-or β-galactosidase or inhibitors of host glycolipid biosynthesis also significantly reduces Bcc uptake compared to untreated epithelial monolayers, supporting the involvement of one or more still unidentified glycosphingolipid host receptors in driving bacterial uptake (Mullen, Callaghan and McClean 2010) . Confocal and transmission electron microscopy of a highly transmissible Bcc strain expressing the cable pilin and the 22-kDa adhesin proteins demonstrated the requirement for both surface components for fully efficient Bcc uptake by primary bronchial epithelial cultures differentiated into squamous epithelia (Sajjan, Ackerley and Forstner 2002) . Importantly, the 22-kDa adhesin protein has been found to bind to the host surface protein cytokeratin 13 (CK13), which is not only abundantly expressed by differentiated cultured squamous epithelia in vitro, but also in the airway of CF patients (Sajjan et al. 2000) . Furthermore, non-motile Bcc mutants lacking flagellar genes show a 50% reduction in uptake by A549 cells relative to their parental isolates in an in vitro infection (Tomich et al. 2002) .
Relative to uninfected cultures, infection of healthy AECs with Bcc isolates leads to significant early secretion of tumour necrosis factor α (TNF-α), IL-6, IL-1β and IL-8 (Gillette et al. 2013) . The exogenous addition of IL-8 to in vitro infection assays enhances intracellular replication of Bcc ( Fig. 2A) (Kaza, McClean and Callaghan 2011) , suggesting that strains eliciting more IL-8 secretion may have a higher propensity to survive intracellularly and accordingly, compared to other Bcc isolates, the epidemic strain LMG16656 showed greater levels of IL-8 induction and intracellular growth upon uptake by AECs (Kaza, McClean and Callaghan 2011) . Despite higher basal levels in CFTR (cystic fibrosis transmembrane conductance regulator)-negative cells, internalisation of Bcc stimulates secretion of IL-8 by both CFTR-positive and -negative cell lines (Kaza, McClean and Callaghan 2011) . At high IL-8 concentrations, growth of bacteria is significantly stimulated in both CFTR-positive and -negative cells; thus, B. cepacia strains eliciting more IL-8 secretion are able to survive better within epithelial cells (Kaza, McClean and Callaghan 2011) .
The environmental mould A. fumigatus causes a broad spectrum of diseases, the differential pathologies of which are dependent upon host immune response and underlying disease. Invasive aspergillosis is associated with an estimated 200 000 deaths per annum, while allergic bronchopulmonary aspergillosis affects more than 4 million asthmatic and CF sufferers and chronic pulmonary aspergillosis exacerbates pre-existing structural and immunological lung defects in more than 3 million people worldwide (Brown et al. 2012) . In vitro and ex vivo infection models have determined spore internalisation to be one of the earliest events following spore adhesion to AECs, occurring in both ciliated and non-ciliated cells (Amitani and Kawanami 2009) . Bronchial and type II alveolar epithelia are able to internalise approximately 30%-50% of adherent A. fumigatus conidia in a concentration-and time-dependent manner ( Fig. 2B ) (Wasylnka and Moore 2002 Moore , 2003 Han et al. 2011; Xu et al. 2012; Bertuzzi et al. 2014; Bao et al. 2015) , while cultured human tracheobronchial explants have demonstrated present, but scarce, uptake by ciliated epithelial cells from the upper airways (Paris et al. 1997) .
Epithelial uptake of A. fumigatus spores can result in either fungal killing or intraphagosomal occupancy (Osherov 2012; Sheppard and Filler 2014; Croft et al. 2016; Bertuzzi et al. 2018) , the latter occurring at a low frequency in vitro. Internalised conidia quickly acquire late endosomal/lysosomal markers such as the lysosome-associated membrane protein 1 (LAMP-1), and CD63 and cathepsin D (Fig. 2B) . Following rapid intracellular trafficking through the endosomal system to the phagolysosomes (Wasylnka and Moore 2003), phagolysosomal acidification leads to killing of most internalised conidia; however, ∼3% of the internalised conidia remain viable and 34% of these can eventually germinate by 36 h, without lysis of the host cells (Wasylnka and Moore 2003) . Aspergillus fumigatus is able to inhibit A549 apoptosis induced by TNF-α, staurosporine and cycloheximide (CHX) (Berkova et al. 2006; Amin et al. 2014) , suggesting that pathogenmediated viability of the hosting cell might facilitate longevity within the intracellular niche.
The notion that suboptimal quenching of internalised A. fumigatus spores might promote subsequent invasive disease is further supported by the recent discovery of a role for mammalian α5β1 integrin-mediated engagement of an A. fumigatus thaumatin-like protein, called CalA, in spore uptake and pulmonary infection of mice ( Fig. 2B) (Liu et al. 2016) . In in vitro infection assays, both anti-β1 or -α5 antibody-and siRNA-mediated inhibition of integrin functionality reduce internalisation of A. fumigatus by ∼50% (Liu et al. 2016) as does administration of anti-CalA antibody. Moreover, intraperitoneal injection of an anti-CalA antibody prior to A. fumigatus infection in cortisoneacetate-treated mice increased survival of the infected mice by 20% (Liu et al. 2016) .
The uptake of A. fumigatus by cultured alveolar epithelial cells has also been found to depend on the C-type lectin type receptor Dectin-1 (Fig. 2B) (Han et al. 2011; Bertuzzi et al. 2014 ) that drives spore uptake, in a host phospholipase (PLD1)-dependent manner, via fungal cell wall β-1,3-glucan exposed on the surface of swollen and germinated fungal spores (Han et al. 2011) . Antibody-mediated Dectin-1 depletion inhibits both PLD activity (Han et al. 2011) and A. fumigatus internalisation into A549 cells by as much as 50% (Han et al. 2011) ; however, neither siRNAmediated Dectin-1 knockdown nor antibody-mediated blocking of receptor functionality completely abrogates uptake of A. fumigatus suggesting the existence of other uptake mechanisms (Han et al. 2011; Bertuzzi et al. 2014) . Concordantly, knockdown of E-cadherin expression via blocking antibody or siRNA also results in reduced, but not absent, cell-conidial associations and conidial internalisation (Xu et al. 2012 (Xu et al. , 2016 . Dectin-1 has been described primarily as a pattern recognition receptor of myeloidderived phagocytes; however, immunohistochemical staining of human lung sections reveals that Dectin-1 is expressed mainly apically on both bronchial and alveolar human epithelium (Heyl et al. 2014) and flow cytometric analyses of normal human bronchial epithelial (NHBE) cells cultured in vitro from the same donors, as well as commercially available primary small AECs, similarly confirm Dectin-1 expression (Heyl et al. 2014) .
Aspergillus fumigatus secretes several secondary metabolites, the most potent of which is gliotoxin, an epipolythiodioxopiperazine immunotoxin described as a facilitator of spore internalisation by A549 cells (Jia et al. 2014) . Mutants lacking the gene gliP, which regulates the production of gliotoxin in A. fumigatus, show a 40% reduction in internalisation by A549 cells compared to wild-type isolates, a defect that is rescued by endogenous supplementation of gliotoxin (Jia et al. 2014) .
In conclusion, the potency of AEC-mediated fungicidality supports a role for AECs in clearance of inhaled A. fumigatus spores, a role that might become dysfunctional in settings of respiratory disease or immunosuppression. Concordantly, Chaudhary et al. (2012) reported that AECs lacking the CFTR or expressing a non-functional CFTR ( F508) are deficient for internalisation and intracellular killing of ingested A. fumigatus spores compared to bronchial cell lines and AECs derived from murine tracheas and also undergo more conidial-induced apoptosis in response to spore uptake.
Naturally occurring pathogen variants that heighten efficiency of AEC-mediated microbial clearance: K. pneumoniae
Klebsiella pneumoniae causes hospital-acquired bacterial pneumonia, with associated mortality of 25%-60% (Sahly and Podschun 1997) . The efficiency of K. pneumoniae uptake by AECs (Fig. 2C ) is highly dependent upon bacterial capsule polysaccharide whereby poorly encapsulated or capsule-deficient mutants of K. pneumoniae are internalised by A549 cells significantly more efficiently than their encapsulated wild-type counterparts (Huang et al. 2013) . Although the basal rate of uptake into AECs is quite low (only ∼0.01% of the total bacterial inoculum is internalised after 24 h of infection), AECs incubated with poorly encapsulated or capsule-deficient strains of K. pneumoniae kill more than 90% of the internalised bacteria, indicating a striking ability of AECs to quell intracellular K. pneumoniae (Fig. 2C ) (Cortes et al. 2002; de Astorza et al. 2004) . In stark contrast, infection of AECs with encapsulated K. pneumoniae isolates, which are significantly less efficiently internalised by AECs, triggers extensive AEC detachment and cytotoxicity (Cano et al. 2009 ). In vivo, transmission electron microscopy of lung sections obtained from mice infected with a poorly encapsulated, avirulent strain of K. pneumoniae, showed that the bacterium reaches the alveolus, becoming adhered to, or localised within, the epithelial cells in vacuole-like structures (de Astorza et al. 2004 ). In contrast, the less efficiently internalised wild-type strain produces pneumonia and systemic infection, indicating that uptake by AECs represents a curative mechanism against K. pneumoniae infection (Cortes et al. 2002; de Astorza et al. 2004; Cano et al. 2009) .
In vitro infection experiments in the presence of various glycan-binding competitors or inhibitors of eukaryotic glycosylation demonstrate that K. pneumoniae uptake by A549 cells involves the coupling of glycan moieties and N-glycosylated receptor(s) respectively on the bacterial and host cell surface (Fig. 2C ) (Fumagalli et al. 1997) . Furthermore, AEC-mediated C3 opsonisation enhanced dramatically (by 8-fold) CD46-mediated microbial uptake (de Astorza et al. 2004) .
A K. pneumoniae capsule-deficient mutant caused increased surface expression of ICAM-1 and secretion of IL-8 by primary airway cells (NHBE) and A549 cells, in comparison with a wildtype strain (Fig. 2C) (Regueiro et al. 2006 ). This inflammatory response was dependent on NF-kB activation, mediated by TLR2 and TLR4 and was abrogated in the presence of cytochalasin D, indicating that bacterial internalisation by AECs triggers a signal for the activation of the innate immune system of the airway (Regueiro et al. 2006) . Furthermore, IL-8 enhanced the fungicidality of neutrophils supporting a crucial facilitative role for AECs in the activation of pulmonary innate immune responses following uptake. In contrast, poorly internalised wild-type K. pneumoniae does not elicit an inflammatory response in AECs (Regueiro et al. 2006; Moranta et al. 2010) , instead attenuating IL-8 secretion via inhibition of NF-kB and MAPK signalling in an NOD1-dependent manner (Regueiro et al. 2011) . Similarly, in the whole animal, infection with a wild-type encapsulated K. pneumoniae results in a dampened secretion of inflammatory mediators and reduced infiltration of inflammatory cells (Yoshida et al. 2000) .
Microbial clearance facilitated by cellular desquamation and apoptosis of infected AECs: P. aeruginosa
The Gram-negative bacterium P. aeruginosa causes persistent infections in patients with chronic respiratory diseases such as CF and Chronic obstructive pulmonary disease (COPD). Microscopy and culture tests on sputum from CF patients indicate that at least 40% of CF patients are infected by P. aeruginosa (Lambiase et al. 2006; Razvi et al. 2009 ) and chronic P. aeruginosa infection accounts for disease-related morbidity and mortality in 60%-80% of CF patients (Moore and Mastoridis 2017) . Pseudomonas aeruginosa is internalised by various type of AECs such as A549 (Chi et al. 1991; Gagniere and Di Martino 2004; Leroy-Dudal et al. 2004) and 16HBE14 (Darling, Dewar and Evans 2004) cells via a process that is dependent on the bacterial lipopolysaccharide (LPS)-core oligosaccharide (Fig. 3A) (Pier et al. 1996) .
CFTR is crucial for P. aeruginosa uptake and cultured human AECs expressing the non-functional F508 allele are impaired in the uptake of P. aeruginosa compared to non-mutated counterparts, supporting a direct link between defective uptake by AECs and hypersusceptibility of CF patients to lung infections (Pier et al. 1996) . CFTR-mediated uptake of P. aeruginosa into epithelial cells leads to NF-κB nuclear translocation, cellular desquamation and eventual apoptosis of the infected cells, ultimately driving bacterial clearance and quelling of the infection (Fig. 3A ) (Pier et al. 1996; Pier, Grout and Zaidi 1997; Grassme et al. 2000; Schroeder et al. 2001 Schroeder et al. , 2002 . AECs expressing F508 undergo significantly delayed apoptosis compared with cells expressing wild-type CFTR (Fig. 3B) and lungs from CF mice show no apoptosis after infection with P. aeruginosa compared with their wildtype counterparts (Cannon et al. 2003) . Following infection with P. aeruginosa, lipid rafts isolated from wild-type CFTR-expressing AECs showed high abundance of the major vault protein (MVP) in comparison with those isolated from infected CF airway cells (Kowalski et al. 2007 ) and moreover, AECs isolated from MVP −/− mice internalised 55% less bacteria than their wild-type counterparts, a finding that correlated with a > 3-fold increase in bacterial burden and mortality amongst infected MVP −/− mice compared to wild-type mice (Kowalski et al. 2007 ). Within AECs, P. aeruginosa viability is not reduced, instead intracellular replication occurs in plasma membrane blebs (Jolly et al. 2015) , protrusions of the plasma membrane associated with multiple types of cell death (Fig. 3A) . Survival and replication of P. aeruginosa in membrane blebs depends on the bacterial type III secretion system (T3SS), since mutants lacking the three T3SS effectors ExoS, ExoT or ExoY are instead trafficked to acidic vacuoles where they are unable to replicate (Jolly et al. 2015) . CFTR is also implicated as controlling survival and replication of bacteria after internalisation by AECs (Fig 3A and B) as P. aeruginosa has an enhanced survival rate in CFTR-deficient cells (Jolly et al. 2015) . While not directly reducing bacterial viability, P. aeruginosa internalisation by AECs leads to shedding of infected cells, therefore providing a direct means of reducing bacterial burden (Fig. 3A) . Thus, uptake by AECs likely has a beneficial role for the healthy host in defence against P. aeruginosa infection. In support of this view, a decreased ability of lung cells from transgenic CF mice, relative to wild-type mice, to ingest LPS-smooth P. aeruginosa results in a significant impairment in bacterial clearance and greater bacterial lung burden (Schroeder et al. 2001) .
In addition to CFTR, the efficiency of P. aeruginosa uptake by AECs is also mediated by engagement of the integrin family of αβ heterodimeric transmembrane cell adhesion receptors (Hynes and Zhao 2000) , whereby integrin engagement prompts the engulfment of bound pathogen via F-actin filaments (Fig. 3A ) (Brakebusch and Fassler 2003; DeMali, Wennerberg and Burridge 2003; Goodwin and Yap 2004; Hauck and Ohlsen 2006) . Pseudomonas aeruginosa binding to members of the mammalian integrin family occurs indirectly via the bridging activity of the extracellular matrix components vitronectin (Vn) and fibronectin (Fn) in a strain-specific manner. While Vn bridges αvβ5 integrinmediated uptake of the PAK reference strain by A549 cells (LeroyDudal et al. 2004) , the clinical isolate ER97314 adheres to α5β1 integrins on A549 epithelial cells via an Fn-mediated interaction (Gagniere and Di Martino 2004) . In vitro, a rapid increase of α5, αv, β1 and β4 integrin expression is stimulated by infection with P. aeruginosa (Gravelle et al. 2010) .
In addition to integrins, P. aeruginosa also enters AECs via interaction with other apical and basolateral receptors, the expression of which is affected by cell polarisation in in vitro infection systems and/or prompted during wound-repairing processes (Fig. 3A) . For example, in vitro infection experiments with isogenic sets of P. aeruginosa mutants and pharmacological inhibitors show that binding, invasion and cytotoxicity of polarised Calu-3 monolayers are due to the interaction of the two major bacterial adhesion factors, type IV (Tfp) and flagella, with the N-glycoproteins and heparate sulfate proteoglycans (HSPG) respectively at the apical and basolateral host surfaces (Bucior, Mostov and Engel 2010; Bucior, Pielage and Engel 2012) . In contrast, in incompletely polarised Calu-3 monolayers, HSPG abundance is increased at the apical surface resulting in a 2-fold higher AEC susceptibility to P. aeruginosa internalisation and damage (Bucior, Mostov and Engel 2010) . Concordantly, in both in vitro and in vivo experimentation, manipulation of cell polarity was found to enhance bacterial internalisation and subsequent cytotoxicity, hence explaining the striking ability of P. aeruginosa to attach to and infect wounded, as opposed to healthy, tissues (Fleiszig et al. 1997; Roger et al. 1999; Bucior, Mostov and Engel 2010; Engel and Eran 2011; Plotkowski et al. 1999) .
Pseudomonas aeruginosa is able to regulate its internalisation into epithelial cells by producing and delivering effector proteins to the host cell via type III (T3SS) and type VI (T6SS) secretion systems, whose effectors facilitate host cell entry and bacterial toxicity (Fig. 3A) . Among these, H2-T6SS is included, which interacts with the AEC microtubule network, promoting bacterial uptake into HeLa and polarised human airway epithelial Calu-3 cells (Sana et al. 2012) and PldB, a H3-T6SS phospholipase D effector of P. aeruginosa, which facilitates uptake by HeLa and A549 cells (Jiang et al. 2014) .
Bronchoalveolar lavages of CF patients show elevated levels of IL-6 and IL-8 (Bonfield et al. 1995) , and pre-treatment of CF AECs with IL-6 or IL-8 increases P. aeruginosa internalisation, suggesting that appropriate inflammatory responsiveness might hamper the establishment of chronic colonisation in CF patients (Hussain et al. 2015) . Despite controversy, glucocorticoids are used as anti-inflammatory agents; however, it has been shown that concomitant treatment of CF airway cells with glucocorticoids and IL-6 decreases bacterial internalisation, in turn reducing bacterial clearance and possibly increasing the risk of pulmonary infection in CF patients (Hussain et al. 2015) . Heightened release of IL-1β is also central to the lethal effect of acute P. aeruginosa infection and mice deficient for the IL-1 receptor show improved host defence against infection in the lung (Schultz et al. 2002 (Schultz et al. , 2004 . Following uptake of P. aeruginosa, cytokine release by AECs seems to be negatively regulated by internalisation, whereby uptake inhibition causes an 8-fold increase in release and a 100-fold increase in mRNA of IL-1β (Grassme et al. 2003) . Internalisation-mediated apoptosis might therefore limit cytokine release in the whole animal to a level that is beneficial to the host (Grassme et al. 2003) .
EPITHELIAL ENTRY AS A PATHOGENIC STRATEGY
Some respiratory pathogens, including, but not limited to Staphylococcus aureus, Streptococcus pneumoniae, Haemophilus influenzae, Mycobacterium tuberculosis and Chlamydia species, are able to resist the antimicrobial properties of healthy AECs leading to pathogen persistence and establishment of chronic or acute infection. The ability to reside within intracellular niches can be a transient component of a more complex journey through the respiratory epithelium that occurs with minimal in situ host damage but promotes disseminated disease, or an opportunity for the pathogen to replicate, leading to host cell apoptosis, fibrosis and inflammation.
Microbial uptake with incomplete killing leading to intracellular replication and host damage: S. aureus
Staphylococcus aureus is a common coloniser of the nasopharynx that causes lower respiratory tract infections, particularly in the hospital setting (Diekema et al. 2001; Jones 2010 ) and in CF patients (Kahl 2010; Wong, Ranganathan and Hart 2013) . While skin and soft tissue infections by S. aureus are extremely common, lower respiratory infections are much less frequent but are associated with much poorer outcomes (Klevens et al. 2007) , with staphylococcal pneumonia being associated with up to 37% mortality in the USA (Haque et al. 2012) . Staphylococcus aureus is internalised by-and survives within AECs-a process that has been postulated as leading to bacterial persistence and establishment of chronic infections (Alexander and Hudson 2001) . In support of this theory, in patients with recurrent rhinosinusitis where intranasal biopsies were examined over a period of more than three consecutive years, intracellular bacteria were found located inside the nasal epithelium (Clement et al. 2005) . Molecular typing demonstrated patient-specific clonality of the staphylococci, suggesting that intracellular staphylococcal reservoirs contribute to recurrent infection (Clement et al. 2005) . Accordingly, naturally occurring S. aureus small colony variants, which have been linked to chronic, recurrent and antibiotic-resistant infections (Proctor et al. 1995) , show enhanced uptake and survival within A549 cells (Tuchscherr et al. 2011 ) and more importantly invade significantly more CF-like AECs than normal AECs (Mitchell et al. 2011) .
Staphylococcus aureus is able to undergo intracellular replication within cultured wild-type AECs (Li et al. 2009; Korea et al. 2014) and in cultured respiratory epithelial cells (CFT-1) derived from a CF patient (Kahl et al. 2000) , leading to host cell apoptosis (Fig. 4A) . It has been hypothesised that recurrent infections in CF patients are due to defective bacterial clearance by AECs but no difference in internalisation rate or timing has been observed between CFT-1 cells and LCFSN cells, their functionally reconstituted counterparts (Kahl et al. 2000) . However, clear differences in intracellular fate of S. aureus are demonstrable in CFT-1 and LCFSN cells, whereby LCFSN cells are more efficiently able to contain intracellular replication of the bacteria than their mutated counterpart (Jarry and Cheung 2006) . In LCFSN, most of the internalised bacteria remain contained, at 4 h after invasion (Jarry and Cheung 2006) , in a non-replicative state in vesicles that have acquired vacuolar-ATPase, lysosomal markers LAMP-1 and -2, and the lysomotrophic dye LysoTracker (Fig. 4A) . In CFT-1 cells, S. aureus-containing vesicles cells rapidly lose their association with lysosomal markers and transmission electron microscopy analysis shows that the majority of bacteria become free in the cytosol at 4 h after invasion (Jarry and Cheung 2006) .
Staphylococcus aureus causes apoptosis of AECs (Fig. 4A) , and infection of A549 cells with an isogenic panel of S. aureus deletion strains indicates that secretion of EsxA, a substrate of the ESAT-6-like secretion system (Ess) together with EsxB, interferes with this process (Korea et al. 2014) . Epithelial cells infected with the esxAB mutant show an increased presence of intracellular bacteria over those infected with the wild type suggesting that EsxA and EsxB together contribute to bacterial release from host cells by modulating host apoptosis. Indeed, transcriptional profiling of HEp-2 cell monolayers infected with S. aureus indicates that intracellular S. aureus causes differential expression of genes involved in cellular stress responses and signal transduction, inflammation, apoptosis, fibrosis and cholesterol biosynthesis (Li et al. 2009) . A transient apoptotic process is then followed by necrosis and after 24 h of infection with 10 8 CFU mL
bacteria, most airway cells exhibit a necrotic phenotype (da Silva et al. 2004) . Staphylococcus aureus is internalised by A549 cells via the host integrin α5β1 (Wang et al. 2013) , but studies on several other non-AEC human cells (for example, the nasopharyngeal cell line Detroit 562 and the embryonic kidney cell line 293T) suggest that the interaction between S. aureus and AECs occurs indirectly via Fn bridging activity (Fig. 4A) (Sinha et al. 1999; Massey et al. 2001; Jett and Gilmore 2002) . Indeed, S. aureus mutants lacking the fibronectin-binding proteins (FnBPs) serve as excellent examples of redundancy in uptake mechanisms. Such mutants, despite being unable to engage the host α5β1 integrin via Fn bridging, are still internalised although at low efficiencies (Sinha et al. 1999) . Furthermore, antibody-mediated blocking of host α5β1 integrin achieves only 60% reduction relative to untreated monolayers (Sinha et al. 1999; Kintarak et al. 2004) . Besides FnBPs, the extracellular adherence protein Eap has also been shown to bind Fn and supplementation with exogenous Eap1 in in vitro infections enhances S. aureus uptake by epithelial cells (Haggar et al. 2003) . Staphylococcus aureus FnBPs were also found to bind to another cellular partner beyond integrins, namely the heat shock protein 60 (Hsp60) from membrane preparations of the bronchial cell line HEp-2, which are deficient in Fn production (Dziewanowska et al. 2000) .
Staphylococcus aureus infection of A549 cells has been found to induce a strong inflammatory response with peak expression of genes encoding CCL5, CXCL11 and IL-6 in S. aureus-infected cells at 8 to 24 h post-infection (Strobel et al. 2016) . In S. aureusinfected fibroblasts, IL-6 expression is prompted by binding of the cytoskeletal focal adhesion protein vinculin to the Rab small GTPase Rab5 to induce bacterial uptake and phosphorylation of host MAP kinases, including p38, ERK and JNK (Hagiwara et al. 2014) . Similarly, in the mouse lung, siRNA-mediated knockdown of vinculin or Rab5 heightens p38, ERK and JNK phosphorylation and IL-6 expression leading to reduced infection by S. aureus (Hagiwara et al. 2014) and highlighting the potential of vinculin as a target for therapy against S. aureus pneumonia.
Microbial uptake leading to incomplete killing and disseminated infection: S. pneumoniae and H. influenzae
Despite being common colonisers of the human respiratory tract, S. pneumoniae and H. influenzae are the most frequent causes of lower respiratory tract infection in patients with impaired immunity or pre-existing chronic lung disease. Streptococcus pneumoniae, a common Gram-positive coloniser of the nasopharynx, is the most frequent causative agent of communityacquired pneumonia (CAP), especially in children and the elderly (O'Brien et al. 2009; Naucler et al. 2013; Heron 2015) , while H. influenzae, a Gram-negative commensal of the human respiratory tract, is one of the most prevalent pathogens identified during COPD exacerbations (Garcha et al. 2012) . Importantly, both pathogens are thought to exploit uptake by AECs as a way of accessing areas underlying the respiratory epithelium, hence leading to the dissemination of the infection beyond the epithelial barrier. Supporting a role for intracellular localisation of unencapsulated (non-typeable) H. influenzae (NTHI) in exacerbations of chronic bronchitis, in situ hybridisation and immunofluorescence microscopy performed on human bronchial biopsies revealed intracellular bacteria in 21 of 39 patients having chronic or acute bronchitis versus none of seven healthy individuals (Bandi et al. 2001) . Furthermore, intermittent NTHI exacerbations caused by the same strain suggest that, in COPD, AECs might provide a protected reservoir of infectious agents (Murphy et al. 2004) .
Primarily an extracellular pathogen, S. pneumoniae is internalised at low rates by AECs, a process (Fig. 4B ) that occurs via multiple redundant entry mechanisms (Bergmann et al. 2009; Asmat et al. 2011 Asmat et al. , 2014 Agarwal et al. 2013a,b) . In vitro infection studies show that internalised pneumococci co-localise with early, recycling and late endosomal markers such as LAMP-1, Rab5, Rab4 and Rab7, indicating bacterial intracellular trafficking to the recycling endosomes for transcytosis and/or killing in phagolysosomes (Asmat et al. 2014) . Antibiotic protection assays demonstrate, in both Calu-3 and A549 cells (Asmat et al. 2011) , that more than 95% of intracellular pneumococci are killed after 7 h of co-incubation. However, complete killing is not achieved (Asmat et al. 2011 (Asmat et al. , 2014 Agarwal et al. 2013a,b) and remaining pneumococci may persist, without multiplying, in lysosomes for 4 h and longer to subsequently exit the phagosome and undergo transcytosis across in vitro cultured epithelia, which remain largely undamaged (Asmat et al. 2014 ).
An important body of work has identified that transcytosis occurs via a receptor-dependent vacuole-assisted mechanism requiring engagement of the platelet-activating factor (PAF) receptor (PAFr), a G-protein coupled receptor (GPCR) for the circulating lipid chemokine PAF (Fig. 4B) (Cundell et al. 1995; Le Gouill et al. 1997; Rijneveld et al. 2004; Radin et al. 2005) . PAFr is now well recognised as a portal for invasion for many respiratory pathogens displaying phosphorylcholine on their surface (Swords et al. 2000 (Swords et al. , 2001 Fillon et al. 2006) and is also required for S. pneumoniae uptake by AECs (Cundell et al. 1995; Radin et al. 2005) . Cell wall phosphorycholine on the bacterial surface mimics the natural ligand of PAFr, and this interaction initiates bacterial uptake of virulent S. pneumoniae in a β-arrestin-dependent way (Radin et al. 2005) . Following S. pneumonia binding to PAFr, the receptor is internalised and recycled, transporting the bacterium to the basolateral side of the epithelium, ultimately leading to systemic dissemination. Whole animal imaging studies using PAFr −/-mice have demonstrated that PAFr deficiency leads to lessened dissemination of intratracheally administered S. pneumoniae providing robust evidence that transcytosis facilitates disseminated disease (Cundell et al. 1995; Rijneveld et al. 2004) . Maximal uptake of S. pneumoniae by AECs and other host cells is facilitated by exploitation of several host receptors that has diversified host tropism to include a broad range of cell types (Fig. 4B) . Heparin competitive binding experiments indicate that internalisation of S. pneumoniae by A549 cells is also mediated by αvβ3 integrin via Vn bridging (Bergmann et al. 2009 ). In addition to the integrin/Vn-and the PAFr-mediated mechanisms (Cundell et al. 1995; Radin et al. 2005; Bergmann et al. 2009 ), S. pneumoniae also employs at least one further cell surface component, namely the plasminogen and Fn-binding protein PepO, for achieving epithelial entry (Agarwal et al. 2013b .
Streptococcus pneumonia expresses the choline-binding protein CbpA/PspC (Fig. 4B) , which interacts, via distinct epitopes, with the complement regulator factor H and the human polymeric immunoglobulin receptor (pIgR), mediating pneumococcal internalisation by AECs (Zhang et al. 2000; Hammerschmidt et al. 2007; Agarwal and Hammerschmidt 2009; Agarwal et al. 2010) . Accordingly, PspC-deficient strains are 100-fold less efficient colonisers of the nasopharynx than the respective wildtype isolates (Rosenow et al. 1997) . pIgR mediates the transport of polymeric IgA or IgM from the basolateral to the apical surface of polarised respiratory epithelial cells to then be recycled and transported in a retrograde manner (Rojas and Apodaca 2002) . Several lines of evidence suggest that S. pneumoniae exploits the pIgR-transcytosis machinery for uptake and further dissemination beyond the mucosal barrier (Zhang et al. 2000; Agarwal and Hammerschmidt 2009; Asmat et al. 2014) . The level of pIgR expression in various epithelial cell lines correlates with the degree of bacterial adherence and invasion, whereby the highest pIgRexpressing cells, namely the nasopharyngeal epithelial Detroit-562, were found to take up 10-50 times more S. pneumonia than other cell lines (Zhang et al. 2000) . While no pIgR expression has been demonstrated for the alveolar and bronchial models, such as A549 and BEAS-2B cells (Zhang et al. 2000; Agarwal et al. 2010; Iovino, Molema and Bijlsma 2014) , Calu-3 bronchial epithelial cells do express pIgR (Agarwal and Hammerschmidt 2009 ), indicating that different ligand-receptor pairs are employed by different cell types and possibly in different host niches.
A549 cells infected with group B streptococci release IL-8 and this process occurs in an internalisation-dependent manner, as suggested by comparative analysis of a wild-type isolate and a poorly internalised cylE mutant, lacking a betahaemolysin/cytolysin (Doran et al. 2002) . Importantly, following 4 h of infection of A549 cells, the cylE mutant shows attenuated cytolytic activity in comparison with the respective wild-type isolates, hence substantiating a damaging role for pneumococcal uptake by AECs (Doran et al. 2002) . Accodingly, Interferon (IFN)β treatment of AEC monolayers leads to the downregulation of PAFr and subsequently of pneumococcal uptake in vitro and this corresponds to a reduced development of bacteraemia following intranasal infection with S. pneumoniae in mice treated with IFNβ or IFN-I-inducing synthetic double-stranded RNA (LeMessurier et al. 2013) .
Several studies have demonstrated that NTHI variants can become internalised by AECs to subsequently reside within intracellular membrane-bound vacuoles (Fig. 4C) (Ketterer et al. 1999; Swords et al. 2000 Swords et al. , 2001 Ahren et al. 2001; Morey et al. 2011; Lopez-Gomez et al. 2012; Clementi, Hakansson and Murphy 2014; Heyl et al. 2014; Singh et al. 2014) . Co-localisation with endosomal markers including early endosomal antigen 1 (EEA1), LAMP-1, LAMP-2, CD63 and Rab7 indicates that the internalised bacteria are trafficked via the endosomal pathway (Morey et al. 2011; Clementi, Hakansson and Murphy 2014) . Some of the bacilli undergo lysosomal killing after variable durations of persistence (Clementi, Hakansson and Murphy 2014) ; however, incomplete co-localisation of the internalised bacilli with cathepsin D, a protease that accumulates in lysosomes, indicates that the majority of intracellular bacteria do not reach mature lysosomes but remain in alternative acidic intracellular compartments in a metabolically active but non-proliferative state (Morey et al. 2011; Goyal et al. 2015) . The bacterial protease IgaB, which belongs to the class of IgA1 proteases directed against the predominant secretory immunoglobulin of human mucosal surfaces IgA1, is required for optimal intracellular survival and persistence of NTHI in AECs by cleaving LAMP-1 at pHs characteristic of endolysosomal trafficking (Clementi, Hakansson and Murphy 2014) .
Flow cytometric analysis of apoptotic markers in A549 cells infected with NTHI in the presence or absence of cytochalasin D indicates that bacterial internalisation causes the apoptosis of type II AECs (Goyal et al. 2015) ; however, apoptosis only occurs at later stages of infection thereby promoting the deepest possible tissue penetration and bacterial access to the host's lymphatic and circulatory systems and affording protection of the pathogen from antibiotics and bactericidal antibody (van Schilfgaarde et al. 1999) .
NTHIs bind to a multitude (Fig. 4C ) of adhesion molecules and receptors (Kubiet et al. 2000; Swords et al. 2000; Hill et al. 2001; Avadhanula et al. 2006; Lopez-Gomez et al. 2012; Singh et al. 2014) , amongst which only a minority have been experimentally recognised as being essential for NTHI uptake by AECs, including Dectin-1, the carcinoembryonic antigen-related cell adhesion molecules (CEACAMs), PAFr and Vn (Swords et al. 2001; Heyl et al. 2014; Singh et al. 2014; Tchoupa et al. 2015) . Dectin-1 mediates the internalisation of NTHI since the soluble β-glucan, laminarin, has an inhibitory effect on the uptake of NTHI by A549 cells (Ahren et al. 2001 ) and the expression of a non-functional mutated Dectin-1 receptor in these cells significantly decreases NTHI uptake compared to that of wild-type counterparts (Heyl et al. 2014) .
Screening of a panel of NTHI mutant interactions with A549 cells has also recently revealed that host CEACAMs mediate NTHI uptake by AECs by binding to the bacterial outer membrane protein (OMP) P1 (Fig. 4C) (Tchoupa et al. 2015) .
Importantly, while heterologous expression of OMP P1 in Escherichia coli is sufficient to promote NTHI-like uptake of E. coli by AECs, OMP P1 recognition of CEACAMs is exclusively limited to the human, not murine, homologues of the host receptor (Tchoupa et al. 2015) . Immunological analysis of human lung sections revealed that CEACAM1, CEACAM5 and CEACAM6 are the most highly expressed members of the family in bronchial and alveolar epithelia and in vitro infection of NHBEs with NTHI significantly increased CEACAM1 mRNA and protein levels (Klaile et al. 2013) , suggesting NTHI-driven upregulation of CEA-CAM1 expression is exploited by the microbe as a pathogenic strategy to invade the host.
Epithelial cells also internalise NTHI via PAFr engagement with the bacterial phosphorylcholine moiety (ChoP) of the LOS lipooligosaccharide (Fig. 4C) (Swords et al. 2000 (Swords et al. , 2001 . ChoP + bacilli co-localise with PAFr, while mutations causing the premature truncation of LOS and subsequent loss of ChoP, or pretreatment of ChoP + bacilli with a PAFr inhibitor significantly decreases uptake of NHTI by AECs (Swords et al. 2000) . Importantly, PAFr expression is elevated in chronically inflamed airways, such as those of patients with chronic bronchitis and asthma (Hinojosa, Boyd and Orihuela 2009) , substantiating a damaging role for ChoP-PAFr-mediated bacterial uptake by AECs in the settings of NTHI exacerbations. Vn binding to NTHI via the Haemophilus surface fibrils (Hsf), a major trimeric autotransporter adhesion (Fig. 4C) , increases bacterial adherence to, and internalisation by Vn-expressing cells, such as the embryonic kidney cell line 293T (Singh et al. 2014) . While no host receptor has been so far identified for Vn-bound NHTI, a separate study has demonstrated that NHTI uptake by A549 cells requires the members of the integrin family α5 and β1, known host receptors for other Vn-bound respiratory pathogens (Lopez-Gomez et al. 2012) .
Challenge of epithelial monolayers with NTHI causes the secretion of significant quantities of IL-8 and increased expression of ICAM-1 mRNA and protein relative to unchallenged monolayers ( Fig. 4C) (Frick et al. 2000) . Both IL-8 and ICAM-1 play a crucial role in AEC-mediated leukocyte recruitment via interaction with leukocyte CD18/β 2 integrin-containing receptors. Accordingly, during NTHI infection in the whole animal, increased epithelial ICAM-1 expression coincides with increased chemokine secretion and neutrophil recruitment (Frick et al. 2000) . It is thus far unclear whether the inflammatory response observed in response to NTHI challenge of monolayers is specifically due to NTHI uptake by AECs. In primary NHBE cells and in an A549 cell line stably transfected with Dectin-1, cytokine release upon challenge with NTHI involves IL-8 and IL-6 (Heyl et al. 2014) . However, in vitro infection experiments comparing AECs expressing a non-functional mutated Dectin-1 receptor and a wild-type Dectin-1 show that the decrease of IL-8 and IL-6 in AECs lacking a functional Dectin-1 is much more pronounced than the decrease in NTHI uptake (Heyl et al. 2014) . Thus, Dectin-1-mediated immune responses to NTHI infection are likely to occur independently from NTHI uptake by AECs.
Microbial uptake leading to intracellular survival of pathogen and AEC apoptosis: M. tuberculosis and Chlamydia species
Mycobacterium tuberculosis and the Gram-negative bacteria C. pneumoniae and C. psittaci are obligate intracellular pathogens able to cause pneumonia in humans. In 2015, infection with M. tuberculosis still accounted for 1.8 million deaths from tuberculosis (TB), maintaining TB as a top 10 cause of mortality worldwide (World Health Organization, http://www.who.int). While C. psittaci is mostly a pathogen of birds, but can occasionally infect humans, C. pneumoniae causes mild pneumonia or bronchitis in young adults, but can lead to more severe disease and repeated infections in older adults. Often a primary pathogen (300 000 cases a year in the USA only), C. pneumoniae is also a major cause of infection in CAP patients, with an incidence of 1%-20% among adults, but up to 50% in children (Ewig and Torres 2003; Blasi, Tarsia and Aliberti 2009; Cillóniz et al. 2011; Choroszy-Krol et al. 2013; Dumke et al. 2015) .
Mycobacterium tuberculosis is well known as an intracellular pathogen of alveolar macrophages but also invades and multiplies within cultured AECs (Bermudez and Goodman 1996; Reddy and Hayworth 2002; Garcia-Perez et al. 2003; Lee et al. 2009; Ashiru, Pillay and Sturm 2010) , and mycobacterial DNA has been recovered from several types of primary human lung cells, including type-II pneumocytes derived from deceased but undiseased persons, perhaps indicating that AECs constitute a genuine mycobacterial reservoir (Hernandez-Pando et al. 2000) .
Once internalised by AECs (Fig. 5A ), M. tuberculosis is trafficked to late endosomes, as indicated by positive staining with Rab5-and Rab7-specific antibodies, but lysosomal fusion appears to be inhibited, as bacterial compartments fail to stain with LAMP-2 and cathepsin L-specific antibodies (Fine et al. 2012) . Mycobacterium tuberculosis is able to proliferate intracellularly within AECs (Bermudez and Goodman 1996; Garcia-Perez et al. 2003) in double-membraned compartments positive for the LC3 autophagy marker (Fine et al. 2012) . Diversion of intracellular M. tuberculosis via the autophagy pathway promotes evasion of intracellular killing, a finding further substantiated by the impact of 3-methyladenine, an inhibitor of autophagy, in blocking (i) intracellular bacterial replication and (ii) epithelial damage, which is reduced by 15%-25% (Fine et al. 2012) .
Mycobacterium tuberculosis is known to safeguard its replicative niche by suppressing staurosporine-mediated epithelial apoptosis (Fig. 5A) (Danelishvili et al. 2003) . After 5 days, infection with M. tuberculosis results in only 14% of apoptotic type II alveolar epithelial cells versus 59% of necrotic ones (Danelishvili et al. 2003) . Indeed, internalisation of M. tuberculosis by A549 cells leads to fragmentation of host mitochondria (Fine-Coulson et al. 2015) and is highly cytotoxic (Bermudez and Goodman 1996) . In stark contrast, infected macrophages undergo significant apoptosis following infection with both virulent and avirulent M. tuberculosis strains (Danelishvili et al. 2003) . At 48 h post-infection of alveolar epithelial cells, pathway-specific cDNA microarray analysis reveals a 2.5-fold upregulation of the inhibitors of apoptosis, bcl-2 and Rb, and a downregulation of the proapoptotic genes, bad, bax, and caspases -1, -3 and -10 ( Danelishvili et al. 2003) .
Multiple receptors mediate M. tuberculosis uptake by AECs (Fig. 5A ) including β1 integrin and Vn which act synergistically to support up to 79% of observed uptake (Bermudez and Goodman 1996) . To date, however, no direct or indirect mycobacterial ligand for these receptors has been identified. Dectin-1 has also been found to mediate the uptake of M. tuberculosis by cultured alveolar epithelial cells, as silencing of Dectin-1 expression leads to partial inhibition of M. tuberculosis uptake by A549 cells (Lee et al. 2009 ). Pre-treatment of A549 cells with laminarin or antiDectin-1 siRNA significantly enhances survival and intracellular growth of M. tuberculosis over a period of 3 days suggesting that Dectin-1 is necessary for AECs to control M. tuberculosis infection (Lee et al. 2009 ). Several effector molecules on the M. tuberculosis cell surface (Fig. 5A ) have been reported to induce uptake by AECs (Chitale et al. 2001; Pethe et al. 2001; Reddy and Hayworth 2002) . Whilst cognate receptors remain thus far unidentified, probing of mycobacterial sonicates with biotinylated host extracts from in vitro cultured AECs revealed that heparin-binding haemagglutinin (HBHA) is the main M. tuberculosis surface component involved in the interaction with HEp-2 cells (Reddy and Hayworth 2002) . Accordingly, HBHA deletion markedly affects mycobacterial adhesion and uptake by A549 cells, but not by J774.1 macrophage-like cells (Pethe et al. 2001) . Most importantly, upon nasal murine infection, a mutant strain lacking the hbhA gene showed impaired splenic, but not pulmonary colonisation, indicating that HBHA-mediated uptake by AECs has a detrimental effect for the host during mycobacterial pathogenesis, as it facilitates extrapulmonary dissemination of M. tuberculosis infection to the spleen (Pethe et al. 2001) .
The intracellular pathogen M. tuberculosis stimulates the release of chemokines, in particular IL-8, monocyte chemotactic protein-1 (MCP-1) and TNF-α, from alveolar epithelial cells in a process dependent on intracellular bacterial growth (Zhang et al. 1997; Lin et al. 1998; Sato et al. 2001) . Mycobacterium tuberculosismediated stimulation of TNF-α, IL-6 and IL-8 in A549 cells has been shown to be Dectin-1 dependent using siRNA-mediated inhibition of this receptor (Lee et al. 2009) .
Chlamydia pneumoniae and C. psittaci can reside and replicate within epithelial cells, inducing a profound proinflammatory response (Korhonen et al. 2012; Molleken, Becker and Hegemann 2013) . During the developmental cycle, Chlamydia spp. are contained in membrane-bound vacuoles, named inclusions (Fig. 5B) , which do not accumulate the pH-sensitive probes acridine orange or LysoTracker (Al-Younes, Rudel and Meyer 1999). Thus, Chlamydia spp. avoid fusion with lysosomes and multiply in the inclusions, with little apparent damage to the infected epithelial cells (Al-Younes, Rudel and Meyer 1999) . The stealth nature of pathogenesis explains, in part, why Chlamydia infections are mostly chronic and persistent (Wyrick 2000) . A key pathogenicity trait of Chlamydia spp. is the ability to induce or actively block host-cell apoptosis under specific circumstances (Byrne and Ojcius 2004) . Chlamydia psittaci triggers apoptosis of human epithelioid cells as demonstrated using the TUNEL method, but apoptosis is induced through a caspase-3-independent pathway (Ojcius et al. 1998) . In contrast to C. psittaci, C. pneumoniae infection protects human epithelial cells against apoptosis, as indicated by the significant inhibition of processing of caspase-3 and caspase-9, and redistribution of cytochrome C in infected cells (Fischer et al. 2001) .
Internalisation of C. pneumoniae and C. psittaci into AECs is driven by the binding of the bacterial invasin Pmp21 (Fig. 5B) to the human epidermal growth factor receptor (EGFR), a ubiquitous cell-surface receptor tyrosine kinase (Molleken, Becker and Hegemann 2013) . Accordingly, 30% of Pmp21-coated latex beads are taken up by HEp-2 cells (Molleken, Becker and Hegemann 2013) . Pmp21 is the first discovered pathogen-derived EGFR ligand, activation of which leads to recruitment of the adaptors Grb2 and c-Cbl, activation of ERK1/2 signalling and, eventually, bacterial internalisation (Molleken, Becker and Hegemann 2013) . Indirect immunofluorescence microscopy indicates that activated EGFR receptor remains tightly associated in ring-like structures around the internalised pathogen (Molleken, Becker and Hegemann 2013) . In accordance with the obligate intracellular lifestyle of C. pneumoniae, a direct dependence between the level of EGFR on the cell surface and susceptibility to infection is demonstrated by the finding that siRNA-mediated depletion, antibody-mediated blocking or chemical inhibition of the receptor in Hep-2 cells drastically reduces C. pneumoniae infectivity (Molleken, Becker and Hegemann 2013) . Remarkably, heterologous expression of EGFR in otherwise EGFR-negative hamster cells leads to a 365% increase in microbial uptake and massively heightened susceptibility to C. pneumoniae infection (Molleken, Becker and Hegemann 2013) .
In various types of AEC, in vitro internalisation of C. pneumonia induces a time-dependent release of IL-8, prostaglandin E2 and granulocyte macrophage colony-stimulating factor, as well as an increase in the expression of ICAM-1 (Jahn et al. 2000; Yang et al. 2003; Krull et al. 2006) .
CONCLUSIONS AND PERSPECTIVES
Relative to the antimicrobial properties of so-called professional phagocytes, the involvement of the respiratory epithelium in preventing or advancing pathogen invasion is poorly understood. The physiological relevance of the intracellular AEC niche in humans is well substantiated by clinical evidence that suggests the widespread uptake of microbes by human respiratory epithelia. In many instances, however, the pathological significance of such findings, for many diseases, has remained in doubt.
The high prevalence of certain pathogens in settings of airway epithelial dysfunction indicates an important role for healthy AECs in controlling everyday microbial exposures. For example, in CF, where AECs harbouring CFTR mutations are deficient for internalisation and intracellular killing of ingested fungal spores (Chaudhary et al. 2012) and are less able than healthy AECs to contain intracellular replication of S. aureus bacteria (Jarry and Cheung 2006) . It is currently unknown how other pulmonary abnormalities, such as chronic respiratory disease and/or the impact of immunosuppressive conditioning regimens, affect antimicrobial defences; however, there is good cause to assume that such factors will affect antimicrobial potency of the respiratory epithelium as, for example, epithelial injury upregulates α5β1 integrin expression, thereby greatly enhancing P. aeruginosa attachment (Roger et al. 1999) .
Clearly, given the broad spectrum of pathogens capable of infecting the respiratory niche, there is a collective urgency to understand more, and more precisely, how microbes enter the host via the respiratory tract and evade the curative potential of AEC activities to colonise and undermine the integrity of the respiratory epithelial niche.
Our analysis of the literature has identified four predominating disease scenarios whereby efficiency of AEC-mediated pathogen clearance (irrespectively of underlying mechanistic basis) correlates directly with severity of disease, and highlights an important but unmet need to distinguish curative uptake activities from those where respiratory pathogens exploit AECs as a means to cause severe infection. If the power of novel immunotherapeutic and biologic therapies can be appropriately harnessed, potentiation of airway defences at the epithelial interface might fall within grasp. In order to harness or refute the value of such approaches, it will be necessary to develop infection models which can (i) prove a causal relationship between microbial uptake and pathogen clearance and (ii) promote the testing of novel interventions.
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